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Abstract 
A multi-proxy approach is utilized on mm- to cm-scale laminated 
sediment records in coastal salt ponds on St. John, U.S. Virgin Islands to 
characterize the sediments, identify their sources and depositional 
processes/events (heavy rainfall, tropical cyclones, tsunamis).  Historical 
records are combined with high-resolution geochronology (short-lived 
radioisotopes, 210Pb, 137Cs, 7Be) and scanning elemental techniques (XRF 
and LA-ICP-MS) to link depositional events to how they are manifested in 
the sedimentary record.  Volcanic rocks are the terrigenous sediment 
source and the sedimentary signature of terrigenous sediment in the 
geologic record consists of higher amounts of Al, Fe, Ti, Co, and Si, and is 
associated with terrigenous runoff due to rainfall events.  A minimum 
threshold value of >2.0 mm per day (minimum to erode and transport 
terrigenous sediment downslope) of rainfall has been determined for the 
study area.  The frequency of heavy rainfall events that exceed the 
threshold of >2.0 mm per day is significantly correlated to the amount of 
terrigenous sediment accumulation of the terrigenous indictor element Al 
measured by scanning LA-ICP-MS. There is a robust sedimentary record 
of terrigenous sediment runoff that is a function of the frequency of heavy 
rainfall events (exceed threshold). Variability in the sedimentary record 
reflects changes between periods of “wet” increased frequency of heavy 
 vii 
rainfall events and “dry” decreased frequency of heavy rainfall events.  
Tropical cyclones and tsunamis can cause marine overwash into salt 
ponds leading to deposition of marine sediments.  Elemental scans for Ca 
and Sr and overwash indicator elements are complicated by grain size 
effects of LA-ICP-MS techniques, as well the difficulty in differentiating 
between tropical cyclone overwash deposits and tsunami deposits. 
By defining the sedimentary signature for depositional events , 
geologic records can be interpreted to provide insight into the natural 
variability of these processes throughout geologic time for comparisons to 
the more recent anthropogenic time period. This study provides a 
framework that can be applied to other coastal environments on high-relief 
tropical islands, to compare local records, and provide information on 
regional processes controlling rainfall variability in tropical latitudes. 
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Introduction 
Rainfall throughout the Caribbean Basin varies on many different time 
scales and is likely a function of multiple climatological processes interacting with 
each other.  Rainfall patterns are often viewed as the manifestation of climate 
change in tropical latitudes. Historical rainfall records are relatively short, 
discontinuous, and are limited by number of locations in the Caribbean.  Long 
term monitoring programs for sediment delivery, associated with rainfall, to the 
coastal environment can be difficult.  Rainfall events are irregular and brief in 
duration requiring opportunistic field collections to measure sediment delivery 
from the watershed (MacDonald et al., 1997).  Studies have investigated the use 
of proxies for precipitation in order to determine longer records of variability, 
patterns, and trends.  Direct comparison of historical precipitation records to 
archives such as sediment cores, corals, etc. can be extremely useful in 
developing proxies for reconstructing rainfall patterns beyond the historical 
period. This requires an understanding of the terrigneous sediment dynamics, 
depositional processes and how these processes are manifested in the 
sedimentary record for tropical island settings such as the U.S. Virgin Islands.  
Due to the high vulnerability to erosion of high-relief tropical volcanic 
islands, such as St. John, USVI, large amounts of sediment are weathered, 
eroded, and quickly transported down-slope.  Sedimentation is one of the 
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greatest concerns for the near-shore marine environments surrounding St. John, 
USVI. The ultimate fates of these sediments include deposition within; 1) the 
watershed (rare); 2) coastal buffer zones such as salt ponds, which trap 
sediments and keep them from being input into the marine environment; 3) 
nearshore marine environments (coral reefs, seagrasses, algal flats), many of 
which are adversely affected by terrigenous sedimentation (Brooks et al., 2007; 
Rogers et al., 2007; Thomas and Devine, 2005); and, 4) offshore marine 
environments, (i.e., exiting the coastal system).  The combination of steep 
topography, maritime tropical climate, and unstable volcanic rocks, make St. 
John, naturally, highly susceptible to sediment erosion (WRI and NOAA, 2005). 
Sediment delivery to the coastal environments have been shown to be magnified 
in areas where human activities have changed the land use such as removing 
vegetation, exposing rocks and soils and creating impermeable surfaces such as 
roads (Brooks et al., 2007; Mclean et al., 2004; Ramos-Sharron, 2004; Brooks et 
al., 2004).   
Coastal salt ponds are natural sediment traps with quiet waters that often 
are hypoxic, leading to mm- to cm-scale laminated sediment records.  Typical 
coastal salt pond configuration consists of steep slopes leading down to the salt 
pond with a berm separating the salt ponds from the adjacent open ocean.  A 
system of gullies, in the watershed, locally known as “ghuts”, acts as the 
funneling mechanism of drainage for rainfall and sediment runoff. Terrigenous 
sediment accumulating in salt ponds is a product of sediment erosion and runoff 
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from the surrounding watershed associated with rainfall events.  Carbonate 
sediment is input into salt ponds by marine overwash events associated with 
tropical cyclones and/or tsunamis.  There is minimal in-situ carbonate production 
by evaporation or biological activity.  Atmospheric dust (African dust, volcanic 
ash) fallout directly to the pond does occur but, is not a dominant source of 
sediment input.  By combining sediment records from salt ponds with historical 
records of rainfall, tropical cyclone activity and tsunamis, an approach can be 
developed to define how these events are manifested/recorded and what the 
sedimentologoical signatures of events are.  This approach can be applied to 
sediment records to define natural patterns of events (rainfall, tropical cyclones, 
tsunamis) and compared to the past ~100 years for potential anthropogenic 
impacts, as well as potential predictions for the future.  Future predictions also 
have significance for human populations on Caribbean islands, as rainfall is often 
the only source of fresh water.  
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Background/Setting 
The U.S. Virgin Islands, located in the northeastern Caribbean and representing 
the eastern end of the Greater Antilles, are composed of 3 main islands as well 
as many smaller islands and cays (Figure 1).  St. John, one of the 3 largest 
islands, has an area of 50 km2 (Macdonald et al., 1997), and is 13 km long by 4 
km wide (Thomas and Devine, 2005).  The topography is generally rugged with 
80% of the slopes exceeding 30o and the highest point (Bourdoux Mountain) at 
390 m (Rankin, 2002).  Flatlands are confined to small isolated coastal 
embayments (Graves, 1996). The coastline is irregular with many headlands and 
embayments (Figure 2).  The natural drainage system divides the island into a 
series of watersheds.  Rainfall within each watershed is funneled downslope 
through the ghut system transporting terrigenous sediment downslope to the 
coast.  There are no perennial rivers or streams on the island and all rainfall is 
quickly channeled to the coast via ghuts.  
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Figure 1.  Map of Caribbean Basin showing location of U.S. Virgin Islands 
(modified from Graves, 1996). 
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Figure 2.  A) Satellite image of St. John, USVI showing locations of sediment 
cores and surface sediment samples since 2002.  Yellow box denotes location of 
East End St. John.  B) East End St. John showing location of Long Bay salt pond 
(cores LG-01 and LG-02 and LG-watershed sample), and Newfound Bay salt 
pond (core NF-15). 
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Geologic Development 
Early and Late Cretaceous extension led to subduction-related volcanism 
(associated with the east-west trending Greater Antilles volcanic arc system), 
which produced the two main rock formations on St. John, the Water Island 
Formation and the Louisenhoj Formation (Figure 3; Rankin, 2002).  The Water 
Island Formation is composed of the oldest volcanic rocks on the island and has 
been interpreted to have formed during submarine volcanism.  It consists of 
~80% keratophyre (an intrusive or extrusive, aphanitic, igneous rock) and ~20% 
basaltic lava and breccia, with minor amounts of chert (Rankin, 2002).  On St. 
John the Water Island Formation is at least 2 km thick and reaches up to 4 km 
thick.  The Louisenhoj Formation is associated with island-arc volcanism.  It 
generally consists of strongly cemented volcanic conglomerate, breccia, volcanic 
wacke, shale, chert, andesite, basalt, tuff and rare limestone.  It conformably 
overlies the Water Island Formation and is at least 1.5 km thick on the west coast 
of St. John.  The elemental composition of volcanic rocks is dominantly O, Si, Al, 
Fe, Ca, Na, K, and Mg with smaller amounts of Ti (Spock, 1953).  In island arc 
settings, such as St. John, Co is present in small concentrations in basaltic and 
andesitic rocks (Hastie, et al., 2007).  Watershed slopes general contain a thin 
veneer of sediment on top of weathered igneous bedrock, overlying un-
weathered igneous bedrock (Davis, 1998; US Dept. of Agriculture, 2008).  
Surficial sediment deposits are generally limited to beaches and coastal areas, 
and contain material as old as the Pleistocene (Figure 3; Rankin, 2002). 
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Figure 3.  Geologic map of St. John USVI and of East End St. John showing 
dominance of volcanic rock formations despite complex geology of the island 
(modified from Rankin, 2002). 
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Climate 
The climate of the Caribbean Basin, and the U.S. Virgin Islands, is 
maritime tropical with an annual season dominated by variability in rainfall.  
Rainfall through out the Caribbean Basin varies on many different time scales 
and is likely a function of multiple climatological processes interacting with one 
another. Annual rainfall in the Caribbean has a bimodal character with a weak 
wet season during May-June, followed by the mid-summer drought (MSD) dry 
season in July and August (Figure 4).  From September through 
October/November a second, stronger, wet season occurs followed by the strong 
dry season November/December through April (Gamble and Curtis, 2008).  
Tropical cyclones are a frequent occurrence in the Caribbean Basin and can 
provide significant rainfall, but not all rainfall is associated with tropical cyclones.  
Studies investigating rainfall variability in the Caribbean Basin involve processes 
in both the Atlantic and Pacific Basins.  Many have shown that a complex 
combination of different processes may have greater influence during specific 
times of the annual rainfall pattern and for specific regions of the Caribbean 
Basin.  The U.S. Virgin Islands are at the northern edge of the SE Caribbean 
region with islands of the Lesser Antilles.   
The mid-summer drought is theorized to be due to an intensification of the 
North Atlantic Subtropical High Pressure Cell (NAHP) leading to stronger trade 
winds, the easterly Caribbean low-level jet (CLLJ), and decreased sea surface 
temperatures (SST), which increases subsidence of air masses and decreases  
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Figure 4.  A) Annual rainfall in the southeastern Caribbean region showing 
bimodal character with strong dry season December-April, weak wet season 
May-June, MSD July-Aug, and strong wet season Sept-Nov.  B) Diagram 
showing atmospheric processes influencing rainfall in the Caribbean Basin 
(modified from Gamble and Curtis, 2008). 
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rainfall in the Caribbean region (Figure 4; Gamble and Curtis, 2008).  Much of the 
water vapor transport from the tropical Atlantic into the Caribbean is linked to the 
CLLJ with decreased (increased) speed leading to moisture export to the Gulf of 
Mexico and wet (dry) conditions in the Caribbean Basin (Cook and Vizy, 2010).  
The tropical Atlantic and Pacific can interact leading to a zonal “see-saw”, 
which is correlated with El Nino Southern Oscillation (ENSO).  The Caribbean 
Basin responds to El Nino Southern Oscillation (ENSO) in a regional manner.  
The northwestern region through the Gulf of Mexico, have increased rainfall 
during ENSO conditions.  The southeastern region (USVI) has decreased rainfall 
during ENSO conditions, but some studies show that rainfall can increase in this 
region the year following an ENSO event (Giannini et al., 2000).  Chen and 
Taylor (2002) identified a similar correlation between increased SST 
temperatures in the eastern Pacific during ENSO event winters and increased 
rainfall in the Caribbean during the following weaker rainfall season (April to 
July). Tropical cyclone activity can be influenced by ENSO with decreased 
activity during ENSO conditions and increased activity during La Nina conditions.  
The Atlantic Multidecadal Oscillation (AMO) can modulate the magnitude of the 
ENSO response with positive AMO leading to increased tropical cyclone activity 
(Klotzbach, 2011).  The early rainfall season, in the USVI, appears to be more 
responsive to changes in the tropical North Atlantic (Spence et al., 2004).  The 
late wet season (September-October/November) and early dry season 
(November-January) have been shown to be most responsive when the eastern 
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tropical Pacific is opposite conditions to the tropical North Atlantic.  For example, 
wet (dry) conditions occur in the Caribbean when the North Atlantic and/or 
equatorial Atlantic are warm (cool) and the Pacific is cool (warm), and it is under 
these conditions that the largest ENSO response occurs in these seasons 
(Giannini et al., 2000).  Given the position of the Caribbean between the Pacific 
and Atlantic Basins these processes interfere periodically both positively and 
negatively with one another making it difficult to isolate a single process and 
leading to complex variations in precipitation over time.   
 
Human Occupation 
Beginning ~100-200 AD, St. John was occupied by Arawak Indians for 
~1000 years.  Following the Arawak Indians the island was largely uninhabited 
from ~1493-1670 AD (Weaver, 1990).  Upon the discovery of the U.S. Virgin 
Islands by Christopher Columbus on his second voyage in 1493 the islands were 
claimed by a variety of European countries (Holland, France, England, Spain, 
Denmark, and the Knights of Malta).  In 1718 the Danes expanded from St. 
Thomas to claim St. John (Davis, 1998).  Plantation agriculture began in the early 
1700’s with much of the island being clear-cut for sugar plantations (Rankin, 
2002).  During this time period the east end of St. John was primarily utilized for 
subsistence farming leading to a modification of the watershed land surface, but 
not widespread clear cutting of vegetation as occurred on most of the island 
(Armstrong, 2003).  Plantation agriculture was abandoned by 1850; the 
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population decreased and by 1879 forests had significantly recovered.  In the 
early 1900’s the population of St. John was ~800 people and in 1917 the United 
States purchased the islands of St. Croix, St. Thomas, and St. John (Davis, 
1998).  In 1956 the VI National Park was established encompassing ~2/3 of St. 
John and some of the offshore waters and, with the exception of few locations, 
has undergone little development during the last 100 years (Rankin, 2002). The 
population began to increase in the 1970’s with significant increases in the late 
1990’s and early 2000’s.  In 2000 the population of St. John was 4,197 persons 
(US Census Bureau, 2003).   Consequently, St. John provides an ideal 
environment to address both natural processes, as well as recent anthropogenic 
influences, in a tropical island setting. 
 
Newfound Bay and Long Bay Salt Ponds 
Newfound Bay salt pond and Long Bay salt pond are located on the east 
end of St. John, USVI (Figure 2; Figure 5). A gravelly surface layer dominates the 
upslope watersheds with sediment on top of weathered igneous bedrock 
overlying un-weathered igneous bedrock (Davis, 1998; US Dept. of Agriculture, 
2008).  The bedrock of the adjacent to Newfound Bay salt pond and Long Bay 
salt pond watersheds consist primarily of phenocryst-poor keratophyre of the 
Water Island Formation with some undifferentiated Quaternary surficial deposits  
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Figure 5.  Photographs of Newfound Bay and Long Bay salt ponds.  A)  
Newfound Bay of left showing reefal constriction of an open embayment 
eventually leading to full closure and salt pond formation and on right Newfound 
Bay salt pond.  B)  View of Newfound salt pond from the berm.  C) Large reefal 
material on salt pond side of berm (foot for scale).  D)  Long Bay salt pond with 
berm isolating pond from open ocean to the right.  E)  Panoramic view of Long 
Bay salt pond. 
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located at the ghut input to the salt pond and the adjacent beach (Figure 3; 
Rankin, 2002).  Dust input (African dust, volcanic ash) is also a potential 
contributor to watershed sediments (Muhs and Budahn, 2009). Weathering of 
these igneous rocks, subsequent erosion and transport represents the 
terrigenous sediment source to the salt ponds.  The salt ponds are separate from 
the marine environment by a 1-3 m high berm, which surficially is covered by 
large coral fragments some of which appear to be cemented in-place.  Marine 
overwash processes are the only mechanism for carbonate/marine sediment 
input to these salt ponds at present. 
One theory of salt pond formation, which has evolved from cores collected 
in Newfound Bay salt pond, involves reefal growth from the headlands across the 
opening and closure of an embayment.  Modern analogues of the growth of reefs 
from headlands of an embayment across the embayment opening are seen in 
multiple locations around St. John and other Caribbean islands including 
Newfound Bay adjacent to Newfound Bay salt pond (Figure 5; Brooks et al., 
2004).  Eventual closure of the reef across the embayment, potentially by storms, 
leads to isolation of the area behind the berm from marine influences and an 
increase in terrigenous input and accumulation.  This is manifested in Newfound 
Bay salt pond cores by a basal gravelly sand unit containing large amounts of 
carbonate material including whole shells and coral fragments, which is similar to 
material seen in adjacent marine embayments.  This is overlain by a sharp 
transition to organic-rich sandy muds and eventually to muds with low carbonate 
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content indicating a switch from marine to salt pond depositional environment 
(Figure 6; Brooks et al., 2004).  This may not be the only mechanism for salt 
pond evolution, but data indicate that it most likely applies to Newfound Bay and 
Long Bay salt ponds.  Associated with this type of salt pond evolution is the 
formation of a permeable to semi-permeable berm allowing for the potential 
exchange of salt pond waters with ocean waters through the subsurface.  Many 
salt ponds, including Newfound Bay and Long Bay salt ponds, appear to exhibit 
little to no animal life (no bioturbation), are hypoxic, and often have microbial 
and/or algal and/or bacterial communities forming mats on the sediment surface 
leading to extremely well preserved mm- to cm-scale laminations (Figure 6).  
These mm- to cm-scale laminated sediments represent a high-resolution record 
of depositional events (rainfall/terrigenous runoff, marine overwash/tropical 
cyclones and/or tsunamis).  
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Figure 6.  Core log of NF-03-106 collected in 2003 showing evolution of the salt 
pond from open marine embayment to salt pond and subsequent changes in 
sediment accumulating (from Brooks et al., 2004). 
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Approach 
This project utilizes mm- to cm-scale laminated sediment records from 
Newfound Bay salt pond and Long Bay salt pond to develop, and apply, a high-
resolution multi-proxy approach to characterize sediment types/laminae, the 
depositional processes/events controlling deposition, and the variability of events 
over the past ~2,000 years on annual, decadal, and millennial time-scales.  To 
achieve this, the project is divided into three phases: 1) establish linkages 
between depositional processes and subsequent sediment accumulation in salt 
ponds during the historical time period; 2) apply these linkages to the past ~100 
years; 3) apply these linkages to the past ~2,000 year sediment records.  This 
involves a mixture of historical datasets combined with short and long sediment 
cores collected to optimize the understanding of processes on specific time 
scales.  A multi-proxy approach is applied to all stages using a combination of 
sediment geochemical, compositional and geochronological analyses. 
 
Specific questions to be addressed include the following: 
1) What are the distinguishing characteristics/sedimentary signatures of 
each sediment type/unit? 
2) What analyses are most useful for investigating these types of 
sedimentary records? 
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3) What are the sources of sediments being deposited? 
4) What are the controlling processes on sediment delivery and 
accumulation and how are they manifested in the sedimentary record? 
5) How have these processes varied through time? 
6) Are there any patterns or cycles (natural or anthropogenic) associated 
with the variations in processes? 
7) What are the broader implications of the variation in depositional 
processes through time (tropical/regional patterns, climatological 
pattern, etc.)? 
 
Phase I, Seasonal record 
Phase I utilizes 7Be (53 day half-life) and elemental analyses on mm-scale 
laminated sediment records from Long Bay salt pond to determine terrigenous 
sediment accumulation during the annual dry/wet seasons.  Two short sediment 
cores and watershed (terrigenous sediment source) samples were collected in 
Long Bay salt pond during November of 2009 at the end of the rainy season.  
Analyses include 7Be short-lived radioisotope age dating to determine timing of 
sediment accumulation in the salt pond from January 2009 thru November 2009, 
MAR (mass accumulation rates) to provide information on variability in sediment 
accumulation, and solution ICP-MS to determine composition of accumulating 
sediments and source(s).  These data provide information on potential linkages 
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among rainfall patterns, sediment runoff, sediment accumulation and source in 
the salt pond, as well as potential terrigenous sediment indicator elements. 
 
Phase II, Annual to decadal record 
Phase II focuses on the last ~100 years of sediment accumulation in 
Newfound Bay salt pond (NF-15) and will continue to utilize historical data for 
rainfall patterns and tropical cyclones. Lead-210 age dating modeled using the 
CRS model (constant rate of supply) is corroborated with 137Cs peaks to provide 
annual scale age control for the past ~100 years.  Elemental scanning 
techniques are used to compare with discreet samples analyzed by solution ICP-
MS to determine validity of the elemental scanning techniques.  Integration of the 
210Pb age dating with elemental data and historical data (rainfall, tropical 
cyclones, tsunamis) will provide linkages between sediment elemental indicators 
and rainfall patterns (phase I) over annual and decadal time scales, as well as 
potential elemental signatures of tropical cyclones.  
 
Phase III, Decadal to centennial record 
Phase III applies the linkages established in phases I and II to downcore 
stratigraphy for variability on potentially annual, decadal, and millennial time 
scales.  The natural, pre-anthropogenic, range of variability in depositional 
processes, are established and linked to climatological processes/drivers and 
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events.  This will aid in determining if the sediment record in these salt ponds 
reflect local, regional, and/or global scale variability.   
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Methods 
Sediment samples were collected in 2 salt ponds (Newfound Bay, and 
Long Bay salt ponds) on the east end of St. John, USVI (Figure 2; Table A-1) 
with multiple sites at each salt pond.  At each site in Newfound Bay salt pond one 
3” aluminum sediment pushcore and one 4” acrylic sediment pushcore were 
taken.  Only 3” Aluminum cores were collected in Long Bay salt pond. Phase I 
focuses on 2 core locations in Long Bay salt pond (LG-01 and LG-02) and 
watershed sediment samples (LG-watershed) collected in November 2009.  
Phase II and III will focus on a single core, of several cores, collected in 2008 in 
Newfound Bay salt pond (NF-15), located adjacent to the main ghut/point of input 
of terrigenous material from the upslope watershed.   
Aluminum cores were split longitudinally and immediately photographed 
and described in the field.  Analyses performed on the 3-inch aluminum core 
include photography, description, x-radiography, scanning XRF, scanning LA-
ICP-MS, discreet sample solution ICP-MS (NF-15), and discreet sample 14C age 
dating.  Four-inch diameter acrylic companion cores in Newfound Bay salt pond 
and 3” Aluminum companion cores in Long Bay salt pond were extruded and 
sub-sampled at 0.5 cm resolution in the field. Analyses performed on the 
extruded companion cores include bulk density measurements, short-lived 
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radioisotope analysis (210Pb, 137Cs, 7Be), and solution ICP-MS (LG-01, LG-02, 
and LG-watershed).    
Color photography was performed immediately after splitting cores at high 
resolution with a Nikon P-90 digital camera.  Photographs were spliced together 
to create a full core photograph.  Photograph scans including color scans were 
performed at the NIOZ laboratory (Royal Netherlands Institute for Sea Research, 
Tessel, The Netherlands) on an XRF (X-Ray Fluorescence) Core-Scanner using 
a visible light scanning camera with 70 micron resolution with a 10 second 
aperture and 5.6 lens aperture.   
Detailed visual descriptions were performed to provide an overview of the 
sedimentary units present in the cores.  This includes visual generalizations of 
color, grain size, carbonate content, organic content, sedimentary structures, 
macrofossils, organic remains, and other visual details of the core. 
X-radiographs were performed at the US Geological Survey in St. 
Petersburg, FL.  Core x-radiographs give an indication of the stratigraphic 
integrity of the sediment core (e.g. lack of bioturbation).  They also can indicate 
the variability in sediment density between the sediment laminations/types, as 
well as laminations/units that are not visible in photographs or to the naked eye.  
The X-radiographs are compared with the core photography to better identify the 
mm-scale laminations. 
Bulk density measurements were made on 0.5 cm resolution from 
extruded cores.  Bulk density is combined with 210Pb age dating to calculate MAR 
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(mass accumulation rates).  This allows for correction for differential compaction 
from the surface of the core to more compacted sediments further downcore, as 
well as determine variability in the mass of sediment accumulating over time.   
Short-lived radioisotope geochronology was performed on samples from 
the extruded cores at 0.5 cm resolution for excess 210Pb, 137Cs and 7Be.  
Samples were run on a GWL Series HPGe (High-Purity Germanium) Coaxial 
Well Photon Detector for total 210Pb (46.5Kev), 214Pb (295 Kev and 351 Kev), 
214Bi (609Kev), 137Cs (661Kev), and 7Be (447 Kev) activities.  Data are corrected 
for counting time, detector efficiency and geometry using the IAEA RGU-1 
standards at varying geometry (1cm, 2cm and 3cm, height) for calibration, as 
well as for the fraction of the total radioisotope measured yielding activity in 
dpm/g (disintegrations per minute per gram).  The activity of the 214Pb (295 Kev), 
214Pb (351 Kev), and 214Bi (609Kev) are averaged as a proxy for the 226Ra activity 
of the sample or the “Background 210Pb” that is produced in situ.  The 
“Background 210Pb” is subtracted from the total 210Pb to give the “Excess 210Pb”, 
which is used for dating within the last ~100 years (Holmes, 2001).  Cesium-137 
is a thermonuclear byproduct and represents the time of greatest atomic bomb 
testing in the early-mid 1960’s.  Berillium-7 has a very short half-life (53 days) 
and is an indicator of recent sediment deposition and preservation of the core 
top.  The 210Pb data are input into the CRS (Constant Rate of Supply) model as 
described by Binford (1990) to apply a specific age date for each sample 
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analyzed within the last ~100 years.  The 137Cs data provide an independent 
corroboration of how well the CRS model is performing.   
Carbon-14 age dating was performed on 6 samples from the Newfound 
Bay salt pond sediment core (NF-15) by Beta Analytic Inc. to provide temporal 
constrains on sediment deposition.  The bulk organic sediment sample 
underwent acid (HCl) washes to ensure the absence of carbonate material.  
Wood material was pretreated with an acid/alkali/acid treatment to eliminate 
carbonates and remove secondary organic acids.  Carbonate shell material was 
pretreated using an acid etch technique to eliminate secondary carbonate 
material.  Carbonate shells were corrected using appropriate local reservoir 
corrections and calibrated to calendar years (INTCAL04, 2004; Talma and Vogel, 
1993).  An age model was developed combining the 14C dating and 210Pb dating.  
Solution ICP-MS was performed at the University of South Florida College 
of Marine Science.  Samples from core LG-01, LG-watershed and specific 
laminations from core NF-15 were subsampled and underwent digestions 
according to EPA method 305B for acid digestion of sediments, sludges and soils 
(EPA, 1996).  This included hydrogen peroxide digestion and nitric acid 
digestion.  A “Blank” sample was prepared during digestion undergoing all 
digestion steps with no sediment sample. Samples were diluted to 1/20 
concentration and internal standards of 10 ppb of Be, Sc, In, and Bi were added.  
Scandium was measured in the samples prior to addition of the internal 
standards and was therefore not used as and internal standard for data 
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processing.  Samples were semi-quantitatively analyzed on an Agilent 7500 ICP-
MS (at the University of South Florida College of Marine Science) in no gas 
mode as well as gas mode (He) for certain elements.  A tuning solution of 1ppb 
of Y, Li, Tl, Ce, Co and Mg was used to tune the instrument for analysis in gas 
mode. Data were processed to remove internal standard data and subtraction of 
values from the analysis of the “Blank” sample from sample data.  Due to the 
high concentration of elements in samples, elemental counts and concentrations 
used are from gas mode analysis (Table 1). 
Scanning XRF (X-Ray Fluorescence) utilized to determine the elemental 
composition on mm-scale resolution (NF-15) was performed at the NIOZ 
laboratory in collaboration with the University of Utrecht.  This technique provides 
a non-destructive relatively fast means to analyze sediment cores at high-
resolution in order to quantify the elemental composition of sediments.  Analysis 
was performed on an Avaatec XRF Core-Scanner with a 1cm wide slit window at 
1mm resolution.  Whole sediment cores were covered with a thin film transparent 
to X-rays to prevent sediment sticking to the device and prevent the core from 
drying out.  The chamber was flushed with He to provide accurate measurement 
of light elements.  Data were acquired on Avaatech software providing elemental 
data for specific elements (Table 1). 
Scanning LA-ICPMS analysis was performed on core NF-15 at the 
University of Utrecht, The Netherlands, for elemental analysis on the micron-
scale.  This aids in defining the compositional characteristics of the different  
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Table 1.  List of elements analyzed by scanning XRF, solution ICP-MS and 
scanning LA-ICP-MS with interpretation of sediment type/source of “indicator 
elements” in this study.  *NA = Not Analyzed. 
 
Element Scanning XRF  
Solution  ICP-MS Scanning LA-ICP-MS Sediment 
Type/Source   Mass   Mass 
Na NA Analyzed 23 Analyzed 23   
Mg NA Analyzed 24 Analyzed 24   
Al Analyzed Analyzed 27 Analyzed 27 Terrigenous 
Si Analyzed Analyzed 28 *NA *NA Terrigenous 
P Analyzed Analyzed 31 *NA *NA   
S Analyzed Analyzed 34 Analyzed 34   
Cl Analyzed Analyzed 35 *NA *NA   
K Analyzed Analyzed 39 Analyzed 39   
Ca 
Analyzed Analyzed 42 *NA *NA 
Marine Analyzed Analyzed 43 Analyzed 43 
Analyzed Analyzed 44 Analyzed 44 
Ti 
Analyzed Analyzed 47 Analyzed 47 
Terrigenous 
Analyzed *NA *NA Analyzed 49 
Cr Analyzed Analyzed 52 *NA *NA   
Mn Analyzed Analyzed 55 Analyzed 55   
Fe 
Analyzed Analyzed 56 *NA *NA 
Terrigenous 
Analyzed Analyzed 57 Analyzed 57 
Co Analyzed Analyzed 59 Analyzed 59 Terrigenous 
Ni *NA Analyzed 60 *NA *NA   
Cu *NA Analyzed 63 Analyzed 65   
Zn *NA Analyzed 66 *NA *NA   
Sr *NA Analyzed 88 Analyzed 88 Marine 
Zr *NA Analyzed 90 Analyzed 90   
Ba 
*NA Analyzed 137 Analyzed 137 
  
*NA *NA *NA Analyzed 138 
Pb *NA Analyzed 208 Analyzed 208   
U *NA Analyzed 238 Analyzed 238   
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sediment types, is the highest resolution analysis performed on the sediment 
record and provides the highest temporal resolution.  The sediment core was 
sub-sampled at 1 cm wide by 4 cm long (downcore) sections with 1 cm overlap 
between sections.  Three sections were sampled in the surficial laminated unit 
(0-4 cm, 3-7 cm and 6-10 cm).  Sections were placed in the ablation chamber 
mounted on a microscope stage with 2 standards (NIST 610 and NIST 612).  
Analysis was performed on a Micromass Platform ICP-MS with a hexapole 
collision cell (Hydrogen) with a Geolas 193 nm excimer laser ablation system. A 
hydrogen argon gas mixture was used as a carrier gas to the ICP-MS.  A 120-
micron diameter window (largest possible) was used for the laser to minimize the 
ablation of individual sediment grains.  The laser was focused continuously using 
a microscope and television-viewing screen.  Laser ablation scanning was 
achieved by the steady, continuous, movement of the microscope stage/ablation 
chamber perpendicular to the core section, running the core section through the 
laser beam.  Each section was scanned twice to determine the reproducibility of 
the scanning data and subsequently scans were averaged together.  Standards 
were ablated before scans and after scans to determine instrument precision and 
efficiency (Jilbert et al., 2010).  Ion counts were performed on specific masses to 
avoid mass overlap for elements that were potential indicators of sediment 
source variability (Table 1).  Standards performed to determine the 
fractionation/ionization efficiency (ion counts/ppm) before and after each scan for 
each element measured in relation to 44Ca.  All scan data were corrected for 
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background values of each element due to the carrier gas, the 
fractionation/ionization efficiency of each element, and for the natural abundance 
of each element at the mass measured (Table 2).   
 
Table 2.  Relative ionization factors for elements of interest for LA-ICP-MS 
sediment scans. 
 
Section Scanned Relative Ionization Factors (44Ca=1) 
  27Al 43Ca 47Ti 57Fe 59Co 65Cu 88Sr 
NF-15 0-4cm 3.000 0.925 0.030 0.006 1.092 1.192 0.579 
NF-15 3-7cm 3.046 0.910 0.029 0.006 1.253 1.273 0.596 
NF-15 6-10cm 3.046 0.910 0.029 0.006 1.253 1.273 0.596 
NF-15 47-51.5cm 3.148 0.995 0.032 0.004 1.212 0.955 0.658 
NF-15 51.5-55cm 3.148 0.995 0.032 0.004 1.212 0.955 0.658 
 
Historical data sets of rainfall, tropical cyclones, and tsunamis were 
compiled from multiple sources.  Hurricane records for the past 100 years were 
obtained from the NOAA Historical Hurricane Tracks database (NOAA, 2011).  
Tropical cyclones passing within 100 nm of St. John with greater than tropical 
storm intensity are utilized.  Daily, monthly, and yearly rainfall records were 
obtained from NOAA National Climatic Data Center (NCDC, 2009).  Primary data 
used are recorded at a rain gauge site at the east end of St. John, with 
secondary sites in Coral Bay and Cruz Bay, St. John.   
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Results/Discussion 
Sediment records in Newfound Bay and Long Bay salt ponds are 
manifested as mm- to cm-scale laminations that vary in color, density and 
sediment composition.  Analyses indicate variable sediment types based on color 
(photographs) and sediment density (x-radiographs), as well as visual description 
(Figure. 7).  In many instances the two techniques reflect the same laminations, 
but in some instances laminations may be seen in one but not the other.  This 
indicates that both techniques are useful to confirm the stratigraphic variability of 
the sedimentary record.   
Scanning XRF, at mm-scale resolution, scanning LA-ICP-MS, at micron-
scale resolution, and solution ICP-MS analysis of discreet samples/laminae show 
agreement of these techniques in the measurement of elemental composition in 
sediment cores from coastal salt ponds (Figure 8; Table A-2).  Therefore 
elemental scanning techniques can provide reliable analysis of sediment 
composition variability at sampling resolutions that have been previously 
unattainable.  Scanning LA-ICP-MS is extremely useful for fine-grained 
sediments, but issues can arise with coarse-grained sediments as ablation of 
individual grains may dominate measurements.  This is a complicating factor in 
the analysis of Ca and Sr, as marine source sediments are generally coarser 
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than terrigenous source sediments (Figure 9).  Scanning XRF may be a more 
appropriate technique for coarser grained sediments. 
 
Phase I, Seasonal record 
 Short-lived radioisotope analysis of two core sites in Long Bay salt pond 
(LG-01 and LG-02) show significant recent deposition with measurable 7Be 
activities in the upper 2 cm (4 samples) of each core providing 7Be curves (Figure 
10; Table A-3; Table A-4).  It is rare for 7Be to be measurable in multiple 
downcore samples with an ideal decay curve similar to 210Pb. 
Data were analyzed using the CRS model to provide age control within the last 
year on sediment accumulation during the annual wet/dry season.  Sediment 
samples collected from the hillsides of the adjacent watershed (LG-watershed) 
are dominantly comprised of Al, Fe, Si, Ti, and Co.  Therefore, these elements 
are used as the terrigenous indicator elements (Figure 11; Table A-5).  Daily 
rainfall data from the East End rain gauge reflects the general annual rainfall 
pattern of dry season (December-April), early rainy season (May-June), mid-
summer drought (July-August), and main wet season (September- November) 
with increased numbers of intense/heavy rainfall events during wet seasons.   
Mass accumulation rates show an increase in accumulation as the rainy season 
begins and the frequency of heavy rainfall events increases (Figure 12).  
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Figure 7.  Core log of NF-15 with x-radiograph, core photograph, and graphical 
depiction of the core.   
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Figure 8.  NF-15 surficial unit (0-9cm) core photograph with laser ablation scan 
lines (red arrows) and Aluminum results for 3 elemental analysis techniques.  
Note agreement between scanning XRF, scanning LA-ICP-MS and solution ICP-
MS (relative concentration) indicating ability of all 3 techniques to be utilized to 
measure elemental variability in sediment cores. 
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Figure 9.  Elemental scan data for potential marine overwash indicator elements 
from 1920-2008 showing variability over the past 100 years potentially linked to 
tropical cyclone activity and/or tsunami events.  Note the high counts in both Ca 
and Sr due to ablation of individual carbonate grains dominating measurements 
(shaded), which may be useful as an indication of coarse grain carbonate 
sediment accumulation. 
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Figure 10.  Long Bay salt pond cores,LG-01 and LG-02 7Be activity curves 
indicating sediment accumulation from January 2009 thru November 2009. 
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Figure 11.  Terrigenous indicator elements and their concentrations from solution 
ICP-MS analysis of LG-Watershed sediment sample. 
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Figure 12.  A) Daily rainfall record for January 2009 thru November 2009, note 
increased frequency of heavy rainfall events during the early wet season and wet 
season.  B) MAR (mass accumulation rates) for cores LG-01 (green) and LG-02 
(brown) from January 2009 thru November 2009 with increases in MAR as the 
early wet season begins with the highest MAR during the wet season. 
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Sediment cores were collected in aluminum core barrels and in this case 
aluminum contamination was evident in the elemental analysis of core samples.  
Therefore aluminum is not utilized for core samples in this portion of the study.  
Solution based ICP-MS results show that during periods of increased frequency 
of heavy rainfall events there are higher concentrations of terrigenous indicator 
elements accumulating in the salt pond (Figure 13).  This defines a linkage 
between accumulation of terrigenous sediment source indicator elements (Fe, Si, 
Ti, and Co) and the depositional process of sediment runoff associated with 
heavy rainfall events.  Note, since Al was only contaminated in phase I core 
samples it is utilized in phase II and III. 
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Figure 13.  A) Daily rainfall record for January 2009 thru November 2009, note 
increased frequency of heavy rainfall events during the early wet season and wet 
season.  B) Elemental concentration of LG-Watershed representing indicator 
elements of terrigenous sediment source (Al not included due to contamination of 
samples).  C) Elemental concentrations, relative to watershed concentrations for 
core LG-01 from January 2009 thru November 2009 with increases in indicator 
element concentrations during the early wet season begins with the highest 
concentrations during the wet season. 
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Phase II, Annual to decadal record 
High-resolution analysis of the surficial laminated unit of core NF-15 
(Newfound Bay salt pond) shows the variability of sediment accumulation for the 
past ~1400 years.  Short-lived radioisotope analysis, 210Pb, 137Cs and 7Be, 
provide age control during the past ~100 years.  Presence of measurable 7Be 
activity in the surface sample reflects recent deposition and retention of the core 
top.  Lead-210 analysis shows variability over time reaching background values 
(no excess 210Pb) at 13.5 cm depth (Figure 14; Table A-6; Table A-7; Table A-8).  
Analysis of 210Pb activities using the CRS model provide age dates for each 
sediment sample.  The highest activity of 137Cs occurs at 1959 (CRS dating) 
indicating that the CRS model is providing reliable age dates (Figure 15).  MAR’s 
indicate variability in accumulation patterns over the past 100 years (Figure 16).   
Daily rainfall rates are available from 1988 to present and reflect the seasonal 
rainfall pattern as well as variability over the past 20 years.  Analysis of the 
frequency of heavy rainfall events (daily rainfall 1988-2008) and accumulation of 
terrigenous elemental indicators (scanning LA-ICP-MS) in Newfound Bay salt 
pond sediments indicates that the linkage determined in Phase I, is reliable 
beyond the season time-scale.  A significant correlation exists between the 
average yearly Al count and the number of times daily rainfall exceeds a 
“threshold” of ~2.0 mm (minimum required to erode and transport sediment 
downslope) (Figure 17).  When compared to downcore records of LA-ICP-MS 
scans of Al counts it is apparent that increased frequency of heavy rainfall events 
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(exceeds daily threshold) leads to an increase in Al accumulating in the sediment 
record (Figure 18; Table A-9).   
 
 
 
 
 
Figure 14.  Graph of short-lived radioisotope data for NF-15 sediment core with 
activities of excess 210Pb (age dating for past ~100yrs), background 210Pb (in situ 
production of 210Pb), 137Cs (time marker, 1959), and 7Be (age dating for past 1 
year). 
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Figure 15.  Graph of CRS model results of 210Pb for NF-15 sediment core 
providing sample age dates for past ~100yrs.  Note, highest activity of 137Cs at 
1959 providing corroboration that the CRS model is providing reliable age dates.  
The presence of 7Be in the surface sample indicates recent deposition and 
retention of the core top. 
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Figure 16.  Graph of CRS model results and MAR results for NF-15 sediment 
core showing high variability of MAR throughout the 100 year record indicating 
variability in sediment accumulation and input. 
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Figure 17.  Scatter plot of yearly average of LA-ICP-MS Al counts, NF-15, from 
1988-2008 vs. the number of times per year the daily rainfall exceeded 2.0mm 
(threshold for sediment erosion, transport, and deposition) showing strength of 
linkage between elemental Al in sediment cores and rainfall. 
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Figure 18.  NF-16 scan section 0-4 cm core photograph with ablation lines, 
Aluminum counts and graph of the number of times per year daily rainfall 
exceeded threshold (>2.0 mm) from 1988-2008 further validating the linkage 
between terrigenous element scan data (Al) from salt pond sediment cores and 
rainfall patterns over time.   
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Scanning LA-ICP-MS and XRF of terrigenous indicator elements (Al, Fe, 
Ti, Co and Si) show similar patterns of variability over the past 100 years 
indicating that they are responding to similar depositional processes/events 
(Figure 19).  Small-scale differences between elements are likely due to 
watershed sediment variability and/or dust input.  Cobalt is the least robust signal 
in salt pond records due to the lower concentrations in watershed sediments and 
may not be as useful as a single element to analyze.  Aluminum has the most 
robust signal of LA-ICP-MS analysis.  Where at least 4 terrigenous elemental 
indicators show an increase or decrease of significant duration, interpretations of 
“wet/increased frequency of heavy rainfall events” or “dry/decreased frequency of 
heavy rainfall events” may be made.  Data show that there are decadal-scale 
periods of wet to dry to wet occurring throughout the last 100 years that may be 
attributed to a local and/or regional controlling process (Figure 20).   
Scanning LA-ICP-MS analysis for Ca and Sr as indicators of marine 
sediment sources/overwash events is more convoluted than terrigenous 
sediment indicators.  This is complicated by the coarser-grained carbonate 
sediments associated with marine overwash events, which leads to the ablation 
of individual grains during LA-ICP-MS scans (Figure 9).  Therefore, counts of Ca 
and Sr are potentially driven more by the composition of individual sediment 
grains, than the integrated composition of laminae.  This data may still be useful 
as there is more Ca and Sr peaks associated with carbonate layers likely 
associated with marine overwash events.  Tropical cyclones approach the island  
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Figure 19.  Elemental scan data for terrigenous indicator elements from 1920-
2008 showing variability over the past 100 years in terrigenous sediment 
accumulation and therefore frequency of heavy rainfall events.  Note decadal 
scale periods of “wet” increased frequency of heavy rainfall events and “dry” 
decreased frequency of heavy rainfall events (shaded). 
 
 
48 
 
 
Figure 20.  NF-15 core photograph and elemental scans of Ca and Al for 1920-
2008 showing variability over the past 100 years.  Variability in Al, terrigenous 
sediment accumulation, reflects frequency of heavy rainfall events with decadal 
scale periods of “wet”, increased frequency of heavy rainfall events and “dry”, 
decreased frequency of heavy rainfall events (shaded).  Variability in Ca 
compared to historical tropical cyclone activity within 100nm of St. John shows 
complexity of interpreting overwash indicator elements. 
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 of St. John from a variety of directions and not all storms will cause a marine 
overwash event, therefore, not all storms will produce an overwash deposit in the 
salt pond.  Marine overwash deposits can also be caused by tsunamis leading to 
further complications.  Due to these complicating factors correlations, of historical 
tropical cyclones (as well as tsunamis) with Ca and Sr elemental records are 
difficult, and linkages between depositional processes and how they are 
manifested in the sediment record are not well defined (Figure 20).  Further work 
is required to develop approaches for determining variability of tropical cyclone 
activity using sediment records from multiple sites in order to capture 
depositional events from cyclones with different trajectories.   
 
Phase III, Decadal to centennial record 
Analysis of the entire sediment record involves decreased sampling 
resolution.  Carbon-14 AMS dates were acquired on 6 samples (Table A-10).  
The topmost sample is not utilized as it provided older dates than was 
reasonable and was the only bulk sediment sample dated. The 5 remaining 14C 
dates provide reliable age control with continuous deposition since 680 AD.  An 
age model was developed merging the 14C dating and 210Pb dating (Figure 21).  
There is no major change in slope/sediment accumulation between the 14C dates 
and 210Pb dates.  There is a change is slope between 60 and 80 cm, but there is 
no evidence of erosion or of a hiatus in sediment accumulation.  Therefore, the 
change i n slope is interpreted to indicate an ~600 year duration, decrease in the  
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Figure 21.  NF-15 age model with 210Pb dating for the past ~100 years merged 
with 5 14C age dates.  The lack of change in slope between 210Pb and 14C 
indicates that the two dating techniques are reliable and compatible.  There is no 
evidence of erosion or of a hiatus in sediment accumulation between 60 and 80 
cm.  Therefore the change in slope is interpreted to indicate a decrease in the 
sediment accumulation rate. 
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sediment accumulation rate.  The limiting factor in this approach is the resolution 
and accuracy of age dating on sediment cores to provide timing and duration of 
the variability in depositional events.   
Downcore photography and x-radiography show units of mm- to cm-scale 
laminae alternating with massive units (Figure 22).  Decimeter scale variability 
occurs as laminated vs. massive sedimentary units, many of which correlate with 
variability in elemental scans. XRF elemental scan data for terrigenous indicator 
elements from 685-2008 AD indicates good agreement between terrigenous 
indicator elements with Co being the least robust, similar to the LA-ICP-MS data.  
Data also show the variability in terrigenous sediment accumulation, and 
therefore, frequency of heavy rainfall events.  There are decadal to millennial 
scale periods of “wet” increased frequency of heavy rainfall events and “dry” 
decreased frequency of heavy rainfall events (Figure 23).  
Variability for Ca occurs on multiple time-scales with broad trends as well 
as high frequency variability (Figure 24).  Carbonate sediments are an indication 
of increased marine influence through overwash.  A general trend of decreasing 
Ca occurs from the base of the core to the surface and may be an indication of 
decreasing marine influence as the salt pond evolves to be more terrigenous 
dominated.  Alternatively it has been shown that XRF counts can decrease with 
increasing water content and decreased density of sediments (Boning et al., 
2007).  So, the upcore decrease could be related to sediments becoming more 
compacted (less water content) downcore.  Due to the coarse nature of  
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Figure 22.  Core log of NF-15 with x-radiograph, core photograph, graphical 
depiction of the core and XRF scans of Al and Ca vs. depth.  Note the decimeter 
scale variability in laminated vs. massive sediment units as see in the core x-
radiographs and photographs many of which correlate with variability in 
elemental scans.  Example 15-35 cm, high counts of Al in a laminated clay unit. 
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Figure 23.  XRF elemental scan data for terrigenous indicator elements from 685-
2008 AD showing agreement between indicator elements with Co being the least 
robust elemental record.  Data also show the variability in terrigenous sediment 
accumulation and therefore frequency of heavy rainfall events.  Note decadal to 
millennial scale periods of “wet” increased frequency of heavy rainfall events and 
“dry” decreased frequency of heavy rainfall events (shaded). 
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Figure 24.  XRF elemental scan data for potential marine overwash indicator 
elements from 685-2008 AD showing variability potentially linked to tropical 
cyclone activity and/or tsunami events.   
 
 
carbonate sediments in these records it is likely that they reflect marine overwash 
events (tropical cyclones, tsunamis).  
A period of high terrigenous element accumulation occurred between 
~1710 and 1860 with the highest counts in all terrigenous element scans. In 1718 
Danish occupation and plantation activity began on the island and ended in 1850 
with the abolishment of slavery, and natural vegetation began to re-occupy 
cleared lands (Armstrong, 2003).  Subsistence farming occurred in the Newfound 
Bay watersheds leading to increased availability of sediment to erosion and 
downslope transport (Armstrong 2003; Brooks, 2008).  Occurrence of rainfall 
events heavy enough to exceed the threshold to transport sediment is still 
required to lead to increased terrigenous sediment deposition in the salt pond. 
This period represents a “wet” period with increased frequency of heavy rainfall 
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events in which terrigenous sediment runoff has been magnified by human-
induced land use changes in the Newfound Bay salt pond watershed.   
 
Climate Implications 
 Phase I of this study indicated that the majority of terrigenous sediment 
accumulation occurs during the late wet season.  It is likely that the dominant 
rainfall variability in salt pond sediment records is linked to the late wet season.  
Physical oceanographic studies have indicated that the late wet season is most 
responsive when the eastern tropical Pacific is opposite (cool/warm) to the 
tropical North Atlantic (warm/cool) (Enfield and Alfardo, 1998). Therefore, the 
rainfall signal, as recorded in salt pond sediments, is a reflection of an interplay 
of processes in the tropical North Atlantic that are being modulated by inter-basin 
processes between the Pacific and Atlantic Basin.  The early rainfall season is 
more responsive to changes in the tropical North Atlantic (Spence et al., 2004).  
This process may also contribute a rainfall signal to the salt pond sediment 
records but to a lesser extent.  There also appears to be increased terrigenous 
sediment accumulation (“wet” period) during the Medieval Warm Period (MWP) 
and the Little Ice Age (LIA), which may be complicated by human activities in the 
watershed (Figure 25). Atlantic and Pacific processes can positively and 
negatively interfere with one another making it difficult to isolate individual driving 
processes, and lead to complex variations in rainfall over time.   
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Figure 25.  XRF elemental scans of Ca and Al with local historical events on St. 
John, including human occupation, as well as larger scale climatological events 
during this period.  The period of Danish occupation and plantation activity on the 
island coincides with the largest increase in Al, which may be an indication of the 
magnification of sediment runoff during “wet” periods due to land use change in 
the watershed by humans. 
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Conclusions 
A high-resolution multi-proxy analysis of mm- to cm-scale laminated 
sediment records in USVI salt ponds, allows for the characterization of different 
sediment types and controlling processes leading to their deposition.  By 
coupling high-resolution geochronology and sediment characteristics for the last 
~100 years with historical records, linkages have been detected, with specific 
historical events/processes and how they are manifested in the sediment record. 
Scanning elemental techniques (XRF, LA-ICP-MS) show that indicator elements 
for terrigenous source sediments from the watershed include Al, Ti, Fe, Co and 
Si.  These indicator elements accumulated in the sediment record at elevated 
concentrations during periods of increased frequency of heavy rainfall events 
exceeding the threshold for sediment erosion and downslope transport.  For the 
study area the rainfall threshold has been defined as >2.0 mm / day.  The record 
of frequency of heavy rainfall events as indicated by terrigenous elements varies 
substantially throughout the sediment record on multiple time scales. These 
records provide a baseline of the natural variability in rainfall patterns.  By directly 
comparing the sediment record over the last ~100 years to the record from 100 to 
~2,000 years ago, patterns and trends may be identified associated with natural 
and/or anthropogenic changes in rainfall patterns.  
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Scanning techniques linked with high-resolution geochronology provide 
the temporal resolution to allow for the investigation of processes controlling 
sediment deposition on timescales that are pertinent to human populations as 
well as coastal ecosystems.  Application this high-resolution approach can 
provide information on rainfall variability on other high-relief tropical islands that 
can give insight into local and regional variability in rainfall as well as 
climatological processes that control rainfall in the Caribbean Basin. 
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Table A-1.  Table of sampling locations. 
 
Sample 
ID Site Name  Latitude Longitude 
Sample 
type 
Collection 
date 
LG-01 
Long Bay 
salt pond 18.333412 N 64.673231 W Core 
November 
2009 
LG-02 
Long Bay 
salt pond 18.331804 N 64.673762 W Core 
November 
2009 
LG-
watershed 
Long Bay 
watershed 18.334103 N 64.673112 W 
Surface 
sample 
November 
2009 
NF-15 
Newfound 
Bay salt 
pond 18.344106 N 64.666319 W Core 
January 
2008 
 
 
 
 
 
Table A-2.  Solution ICP-MS results for NF-15 and Blank. 
 
NF-15 
27Al  (ppb) 
28Si  
(ppb) 
43Ca 
(ppb) 
47Ti  
(ppb) 
57Fe  
(ppb) 
88Sr  
(ppb) 
Depth 
(cm) 
0.3-0.8 386644 230146 43054 2156 1044026 9903 
1.6-2.3 1173781 9202 6033 6912 3222727 1048 
2.3-3.7 337340 9972 168045 2287 1077956 20425 
3.7-4.4 679344 12930 5022 4722 1867787 815 
5.4-6.2 648863 299653 35655 5458 2029778 6124 
7.3-7.8 1547950 95000 7783 10571 4146656 1777 
Blank 2882 20760 159 16 5011 23 
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Table A-3.  Short-lived radioisotope and MAR results for LG-01. 
 
LG-01 7Be 
Activity 
(dpm/g) 
7Be error 
(dpm/g) CRS date  
Bulk 
Density 
(g/cm3) 
MAR 
(g/cm2/yr.) Depth (cm) 
0-0.5 61.05 2.40 11/15/09 0.75 0.000156 
0.5-1 37.88 1.42 9/15/09 0.79 0.000096 
1-1.5 10.66 1.21 5/21/09 0.79 0.000062 
1.5-2 0.11 1.04 6/4/08 0.83 0.000064 
 
 
 
 
 
Table A-4.  Short-lived radioisotope and MAR results for LG-02. 
 
LG-02 7Be 
Activity 
(dpm/g) 
7Be error 
(dpm/g) CRS date  
Bulk 
Density 
(g/cm3) 
MAR 
(g/cm2/yr) Depth (cm) 
0-0.5 42.89 2.19 11/15/09 0.11 0.000035 
0.5-1 29.46 1.83 10/5/09 0.14 0.000026 
1-1.5 11.57 1.53 7/27/09 0.17 0.000026 
1.5-2 5.16 1.42 5/4/09 0.19 0.000015 
 
 
 
 
 
 
 
 
66 
Appendices (Continued) 
 
 
Table A-5.  Solution ICP-MS results for LG-02, LG-watershed and Blank. 
 
LG-01 
27Al  (ppb) 
28Si  
(ppb) 
43Ca 
(ppb) 
47Ti  
(ppb) 
57Fe  
(ppb) 
88Sr  
(ppb) 
Depth 
(cm) 
0-0.5 36862978 156143 31365 3103 1330582 5957 
0.5-1 1394116 39984 14228 485 239295 2588 
1.1.5 1122333 80488 49404 3454 1702416 10049 
1.5-2 254879 42919 32427 803 453058 6785 
watershed 1669155 124322 7073 6438 5979772 833 
Blank 2882 20760 159 16 5011 23 
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Table A-6.  NF-15 Short-lived radioisotope dating results for 210Pb. 
 
NF-15 
210Pb 
Activity 
(dpm/g) 
210Pb 
error 
(dpm/g) 
Back-
ground 
210Pb 
Activity 
(dpm/g) 
Back-
ground 
210Pb 
error 
(dpm/g) 
Excess 
210Pb 
Activity 
(dpm/g) 
Excess 
210Pb 
error 
(dpm/g) 
Depth 
(cm) 
0-0.5 12.34 0.47 0.68 0.09 11.65 0.48 
0.5-1 12.66 0.57 0.50 0.12 12.16 0.58 
1-1.5 10.01 0.56 0.36 0.10 9.65 0.57 
1.5-2 10.22 0.62 0.42 0.12 9.80 0.63 
2-2.5 7.09 0.54 0.40 0.10 6.69 0.55 
2.5-3 3.40 0.47 0.42 0.10 2.99 0.48 
3-3.5 5.57 0.40 0.41 0.08 5.15 0.41 
3.5-4 6.44 0.53 0.48 0.11 5.96 0.54 
4-4.5 7.78 0.51 0.44 0.10 7.34 0.52 
4.5-5 3.11 0.46 0.50 0.10 2.60 0.47 
5-5.5 4.73 0.39 0.42 0.08 4.31 0.40 
5.5-6 1.74 0.42 0.44 0.09 1.30 0.43 
6-6.5 8.00 0.54 0.44 0.10 7.56 0.55 
6.5-7 9.17 0.50 0.42 0.10 8.75 0.51 
7-7.5 7.60 0.44 0.40 0.09 7.20 0.45 
7.5-8 3.19 0.43 0.44 0.09 2.75 0.44 
8-8.5 2.54 0.40 0.38 0.09 2.16 0.41 
8.5-9 0.93 0.37 0.46 0.07 0.47 0.37 
9-9.5 2.68 0.45 0.42 0.10 2.26 0.46 
9.5-10 0.65 0.38 0.41 0.08 0.24 0.39 
10-10.5 1.99 0.39 0.46 0.09 1.53 0.40 
10.5-11 1.17 0.38 0.41 0.08 0.76 0.39 
11-11.5 2.13 0.30 0.49 0.07 1.65 0.31 
11.5-12 1.10 0.39 0.45 0.09 0.65 0.40 
12-12.5 1.97 0.39 0.39 0.09 1.57 0.40 
12.5-13 0.77 0.38 0.35 0.09 0.42 0.39 
13-13.5 2.46 0.43 0.38 0.10 2.08 0.44 
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Table A-7.  NF-15 Short-lived radioisotope dating results for 137Cs and 7Be. 
 
NF-15 
137Cs 
Activity 
(dpm/g) 
137Cs 
error 
(dpm/g) 
7Be 
Activity 
(dpm/g) 
7Be 
error 
(dpm/g) 
Depth 
(cm) 
0-0.5 0.20 0.06 6.38 0.99 
0.5-1 0.21 0.08 *ND *ND 
1-1.5 0.70 0.08 *ND *ND 
1.5-2 0.63 0.09 *ND *ND 
2-2.5 1.01 0.08 *ND *ND 
2.5-3 1.11 0.08 *ND *ND 
3-3.5 0.87 0.07 *ND *ND 
3.5-4 0.57 0.08 *ND *ND 
4-4.5 0.63 0.08 *ND *ND 
4.5-5 1.24 0.08 *ND *ND 
5-5.5 2.23 0.09 *ND *ND 
5.5-6 2.25 0.09 *ND *ND 
6-6.5 2.35 0.10 *ND *ND 
6.5-7 2.68 0.09 *ND *ND 
7-7.5 3.12 0.10 *ND *ND 
7.5-8 3.44 0.11 *ND *ND 
8-8.5 1.92 0.09 *ND *ND 
8.5-9 0.69 0.07 *ND *ND 
9-9.5 0.59 0.07 *ND *ND 
9.5-10 *ND *ND *ND *ND 
10-10.5 *ND *ND *ND *ND 
10.5-11 *ND *ND *ND *ND 
11-11.5 *ND *ND *ND *ND 
11.5-12 *ND *ND *ND *ND 
12-12.5 *ND *ND *ND *ND 
12.5-13 *ND *ND *ND *ND 
13-13.5 *ND *ND *ND *ND 
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Table A-8.  NF-15 CRS model age dating and MAR results. 
 
NF-15 
CRS 
date  
Bulk 
Density 
(g/cm3) 
MAR 
(g/cm2/yr) 
Depth 
(cm) 
0-0.5 2007 0.15 0.0004 
0.5-1 2005 0.17 0.0004 
1-1.5 2004 0.04 0.0005 
1.5-2 2002 0.21 0.0004 
2-2.5 2000 0.20 0.0006 
2.5-3 1998 0.56 0.0013 
3-3.5 1995 0.55 0.0007 
3.5-4 1992 0.27 0.0005 
4-4.5 1988 0.40 0.0004 
4.5-5 1984 0.24 0.0009 
5-5.5 1983 0.18 0.0005 
5.5-6 1981 0.51 0.0017 
6-6.5 1977 0.36 0.0003 
6.5-7 1970 0.21 0.0002 
7-7.5 1964 0.24 0.0002 
7.5-8 1959 0.29 0.0004 
8-8.5 1955 0.44 0.0004 
8.5-9 1951 1.05 0.0018 
9-9.5 1946 0.41 0.0003 
9.5-10 1942 0.56 0.0027 
10-10.5 1939 0.50 0.0004 
10.5-11 1933 0.55 0.0007 
11-11.5 1929 0.28 0.0003 
11.5-12 1924 0.47 0.0006 
12-12.5 1912 0.62 0.0002 
12.5-13 1899 0.66 0.0004 
13-13.5 1883 0.24 0.0001 
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Table A-9.  Rainfall to Al correlation data. 
 
Year 
Number of 
time/year daily 
rainfall >2.0 mm 
Yearly Average 
27Al (LAICPMS) 
 (Counts) 
2007 12 29303840 
2006 15 10475442 
2005 11 11889865 
2004 15 6755733 
2003 18 11293318 
2002 9 16560280 
2001 16 22843059 
2000 6 19451554 
1999 20 24870945 
1998 22 27833117 
1997 10 17963808 
1996 11 5389427 
1995 7 5612484 
1994 2 3242070 
1993 4 3363298 
1992 9 7357165 
1991 3 10265179 
1990 6 8175223 
1989 8 7457728 
1988 7 12299525 
 
 
 
 
 
 
 
 
 
 
71 
Appendices (Continued) 
 
 
Table A-10.  NF-15 14C age dating. 
 
NF-15 
Measured 
14C Age 
(years) 
Measured 
14C error 
(years) 
13C/ 
12C 
Ratio 
Conv. 
14C 
Age 
Conv. 
14C 
error 
(YBP 
Cal. 
Age 
(AD) 
(years) 
Cal. 
Age 
Range 
(AD) 
(years) 
Depth 
(cm) 
26-27 
(Bulk 
Sediment) 520 30 -22.8 560 30 1400 
1390-
1430 
36-37 
(Wood) 70 30 -26.6 40 30 1710 
1710-
1710 
43-45 
(Wood) 270 20 -28.1 220 30 1660 
1640-
1680 
61-62 
(Shell, 
Cerith) 590 30 -3.7 940 30 1440 
1340-
1490 
78-81 
(Shell, 
Cerith) 1230 30 -3 1590 30 820 
710-
960 
89-91 
(Shell, 
Cerith) 1410 30 -4.6 1740 30 680 
610-
780 
 
 
